Wireless sensor networks (WSNs) offer an attractive solution to many environmental, security and process monitoring. However, their lifetime remains very limited by battery capacity. Through the use of piezoelectric energy harvesting techniques, ambient vibration can be captured and converted into usable electricity to create selfpowering WSN which is not limited by finite battery energy. This paper investigates analytically and experimentally the performance of a WSN powered by a Piezoelectric Energy Harvesting System (PEHS) and a material block-level modeling considering most key energy consumption of a wireless sensor node in a star topology network is proposed. By using real hardware parameters of existing components, the proposed model is used to evaluate the energetic budget of the node. The sensor node performance is evaluated regarding transmit packet size, duty cycle and the number of nodes that can be deployed. From the spectral properties of the available vibration inside two moving vehicles (automobile and train), the maximal recoverable power for each type of vehicle is estimated. Using a PEHS based on a cantilever beam optimized for low-frequency applications, 6 mW power is recovered in the case of the train while a 12.5 mW power is reached in the case of the automobile. It is observed that the sink may not operate with the recovered energy. However, the sensor node can sense and transmit data with a maximum size of 105.5 kbits when the duty cycle is 4 × 10 −15 . It is also achieved that the node is most effective when the measured physical phenomena vary slowly, such as the variations in temperature due to thermal inertia. Considering an optimized PEHS based on non-linear processing, it is shown that the sink can operate for 190% improvement of the recovered power.
Introduction
In the recent years, energy harvesting techniques are being investigated as a mean to convert unusable forms of energy to electrical energy sufficient to power unattended or inaccessible low power systems [1] . The most targeted application in energy harvesting is the powering of nodes in a WSN [2] [3] ; it is because the nodes life is necessarily linked to that of its storage element (a chemical battery), which either must be replaced or recharged when they become exhausted. This maintenance operation will become increasingly expensive especially when the sensor nodes are deployed in hard to reach places.
The possibility of using ambient energy to increase the lifetime of the sensor nodes is linked to other developments in related technologies such as microelectronics and micromechanics to be used to design ultra-low power sensors nodes with a reasonable cost [4] . Research in using modeling at the protocol layers level to optimize the energy consumption of the node is also very relevant. Much of this work focuses on the Media Access Control (MAC) protocol since it has a significant impact on the energy consumption of the node [5] [6] . Specifically, energy harvesting consists of gathering freely-available energy from the environment. Several techniques of energy harvesting exist and they differ one from another by the nature of the considered primary energy source. Some of these ambient energy sources are well known now. The sun [7] and the wind [8] , for example, can generate significant energy that can be used on a national grid. At low power levels, however, the sources of energy such as vibration [9] [10], radio waves [11] , human activity [12] , heat [13] , and the internal light [14] was recently considered as alternative sources to power WSN. Although energy harvesting techniques allow considering immortal sensors nodes, it remains nonetheless that the performance of the sensor node is related to the quantity of recovered energy. This work aims to quantify the performance of a WSN powered by recovered energy from the surrounding ambient sources. The case of vibration sources [9] [10] [15] widely studied in the literature is primarily considered. Previous studies have demonstrated that ambient vibration present in moving vehicles can be harvested and used to generate electrical energy for low power electronics [9] [10].
In [9] , the authors measured the vibrations induced by the road in an automobile moving at 90 km/h and a maximum power of 3 μW was recovered for an optimal load resistance of 73.13 kΩ. In [10] , a power of 1.1 μW was achieved at optimum load resistance of 91 kΩ. All these researches are only focused on the aim to prove the technical feasibility of WSN supplied by the spurious vibrations in the vehicle. However, the performances of the autonomous WSN based on the recovered energy are not evaluated.
The main objective of this work is then to assess the relevance of such micro generators through the quantification of the performance of a sensor node, powered by vibrational recovered energy. More precisely, the following questions will be addressed throughout this work: the maximum size of data that can be measured regarding available energy; the extent of the network (number of nodes); the type of physical phenomenon that can be measured by the autonomous network and the surface that can be covered by the autonomous network.
To achieve the objectives, a comprehensive energy model considering most key energy consumption of a wireless sensor node in a star topology network is proposed in Section 2. By using the hardware parameters of existing components and commonly used (Chipcorn CC1000 radio [16] and Mica2 Motes wireless measurement system [17] ), the energy budget of the sensor is estimated in the used configuration. In Section 3, the available vibrations are investigated for two types of vehicles: an automobile and a train. The spectral properties of the detected vibrations are then used to assess the maximum recoverable power for each type of vehicle.
Section 4 presents simulations and experimental results about the performances of the piezoelectric powered sensor node and a solution for optimizing the performance of the autonomous WSN is also proposed.
Finally, the conclusion and prospects for this work are presented in Section 5.
Wireless Sensor Node Energy Consumption
The general architecture of a wireless sensor node is shown in Figure 1 [18] . Each sensor consists of three main units that must be powered by the PEHS. The sensing unit is the interface to the physical world to conduct the data acquisition. The processing unit is responsible for the treatment of all relevant data and executes the code that describes the behavior of the sensor node. The communication unit is composed of a transmitter/ receiver (radio module) allowing communication between the different nodes of the network. Thus, the sensor node operates if the PEHS is able to supply the other three sensor nodes' modules: the sensing unit, the processing unit, and the transceiver unit. Energy consumption in the different modules of a sensor node is linked to the activity of the node in the network [19] . The node operation depends on the topology of the network. There are four main topologies for WSN: star, mesh, hierarchical tree and clustered hierarchical configurations [20] . Depending on the intended application, a topology can be advantageous compared to the other. A comparison of the performance of these topologies is proposed in [20] . In most studies, the choice of a particular topology can be linked to one or other criteria such as self-organizing capability, network life, reliability, energy-efficiency, scalability, data latency, etc. [20] - [22] . This work considers the energy efficiency criterion to choose the network topology to be studied. In [20] , it is shown that for the scenario where the network size is less than the characteristic distance, direct communication in star networks is the most energy efficient. As shown in Figure 2 , the star topology consists of a central node (called coordinator or sink of the network) and multiple wireless sensor nodes. In this topology, all sensors nodes send their data directly to the sink. It is assumed that all nodes are homogeneous and will have the same architecture. For simplicity, Time division multiple access (TDMA) protocols are assumed and the energy required for packet acknowledgment is not considered. As shown in Figure 2 , star topology organizes all the peripheral nodes around the sink also called central hub. The sink is logically (and or physically) at the center of the network via direct link [21] . The sink can be either the base station itself or a gateway node that is in direct communication with the base station. In this work, the sink is assumed as a gateway node and it is placed at the center of the network. Thus, all the other nodes are located at the same distance (d) of the sink. Individual sensors are sensing data and transmit to the sink node at a fixed rate. The sink node has to sense the data, receive data from the sensors node, perform data aggregation and transmit the result to the base station. The following Sections 2.1 and 2.2 quantifies the energy dissipated by any node of the network and that dissipated by the sink.
Sensor Node Energy Consumption
The diagram in Figure 3 can be used to illustrate the activity of the node in the star topology network. As shown in this Figure, the energy consumed by a sensor node can be attributed to four basic energy consumptions: the dissipated energy during sensing, during transmission to sink node, microcontroller processing energy and the transient energy. Energy for actuation also exists but it is difficult to estimate this residual energy in general because this depends heavily on the application [19] . In this work, this dissipation source is not considered.
The sensing system is the interface to the physical world to carry out the acquisition of the data. In [19] , the total energy for the acquisition of data (namely, energy for data recording in the memory
The relationship between these energies is represented as follows:
with: 
All the parameters used to assess the energy consumption of the sensor node are defined in Table 1. The energy consumed during the transmission of the data depends on the size of the transmitted data (b), the sink-node distance (d) and the path loss exponent n. To send a b-bit packet at a distance d, the dissipated energy is defined by [23] :
where n is the distance based path loss exponent [24] . In this work, 
E
is attributed to two components: energy loss from switching switch E and energy loss due to leakage current leak E [19] . It is defined in [23] as:
with: [17] During the operation of a sensor node, a certain amount of energy is dissipated due to the transition between the different states of the node elements (active, idle or sleep). The most relevant parts are the radio module and the MC (Micro Controller) unit. In [22] , the transient energy in the sensor node is defined by:
N α is the duty cycle of the sensor node expressed as:
The sleep time for our research varies with SN AN T kT = , where k is an integer. The used radio parameters, such as sensor wake up and sleeping time are taken in Chipcorn CC100 datasheet [16] .
Considering Equations (1), (3), (4) and (6), the total energy dissipated by the sensor node node E can then be defined by: Figure 4 shows the total dissipated energy in the node as a function of the sink-node distance.
It appears that the sink-node distance has very little influences the energy dissipated by the node. It is practically constant up to the distance of 8 m. This can be explained by the low dissipation value in free space. In this work, the value of 10 pJ/(bit/m 2 ) is used [19] .
Sink Node Energy Model
The activity of the sink is much denser. The different steps performed during one cycle are shown in the diagram of Figure 5 . The energy consumed by the sink can be attributed to five energy consumption sources: the dissipated energy during sensing, during data reception, during data processing, during transmission to the base station and the transient energy.
The energy dissipated during the data capture is the same as that of a classical node, namely: 
In [23] , the energy expended to receive b-bit packet is defined as: ( )
where N is the total number of the sensor nodes.
The energy for processing and aggregation of the data in the case of sink is defined as [23] :
Energy dissipation due to transmission of the ( )
from the sink to base station is defined in [19] as:
A 4 d energy loss for transmission between the sink and the base station is assumed.
As in the case of the classical node, the dissipated energy by the sink due to the change of state is defined by:
where S α and AS T are the duty cycle and the active time of the sink node respectively. The duty cycle of the sink node S α is defined by [22] :
where SS T is the sleep time of the sink. Assuming as in [19] , that the sink will transmit all the packets it receives in one batch every T seconds (Figure 6 ), the following rela- Figure 6 . Wake-up and sleeping times of the sensor nodes and the sink node per cycle.
In Figure 6 , 1 T is the time to receive packets from the sensor nodes and 2 T , the time to transmit packets to base station. The total energy consumed by the sink node per round is expressed as:
The energy dissipated by the sink is therefore determined by the number of nodes and the sink to the base station distance. Figure 7 shows the energy dissipated depending on the number of nodes. It is shown that the dissipated energy increases with the number of nodes. However, the dissipated energy varies very little for sink-base station distance less than 400 m. The WSN can then be deployed at this distance from the base station without great consequence on the consumed energy. The next section, the properties of the measured vibrations is used to evaluate the performance of the WSN.
Vibrations in Vehicles

Vibrational Harvester Model
The most popular piezoelectric generators are the cantilever structure which is very effective for low-frequency applications [9] [10] . The geometry of the cantilever beam proposed in [28] is shown in Figure 8 .
The piezoelectric beam comprises three main parts: the composite beam, the seismic mass, and the piezoelectric layers. The cantilever beam is used to amplify the relative displacement of the seismic mass to the displacement amplitude of the vibration source. The seismic mass increases the mechanical stress applied to the piezoelectric material, thus producing a high output power. The piezoelectric composite which is the active part of the structure is used to convert mechanical vibrations into electrical energy.
The alternative power generated by the piezoelectric transducer denoted in Figure 8 , is shown regarding the RMS power transferred to the resistive load as follows [28] : 
with:
Regarding the cantilevers' beams, some optimizations have been proposed. For example, a multi harvesting structure (using multiple beams) was envisaged [29] . It certainly helps to increase the bandwidth of the generator but also to enhance the size of the recovery system, which makes it cumbersome for our application. Hence, in this work, the cantilever beam is considered in its simplest structure. The parameters' values used to compute Equation (17) are listed in Table 2 with the references where these values are originated.
Equation (17) 
where max P is the maximum recoverable power. The condition for supplying the sensor node by the recovered energy is then defined as: node sink simple node sink node Figure 9 shows the influence of the recovered power on the performance of the autonomous sensor node. By using the measured vibration data, given in [31] , Figure 9 shows the performance of the node regarding sizes of packets transmitted and k represents the ratio between the sleep and the active times ( S A T kT = ). Four situations are represented in this figure:
takes into account applications where measurements should be made every second. The curve shows that we would not have enough energy for such requests because the energy recovered remains below the energy needs of the node. every 100 s; the maximum packet size, in this case, is 451 bits. min. This is the case when the measured physical phenomena vary slowly, such as the variations in temperature due to thermal inertia. The results show that packets over 3 kbits in size may be considered.
In the next section, the spectrum of actual, detected vibrations in two types of vehicle are investigated.
Detected Vibration and Maximum Recoverable Power
To measure ambient vibrations, an ACC103 laboratory accelerometer has been used.
It has an output of 10 mV g and can measure vibration up to 500 g. The AC signals were recorded with a Hantek Electronic (DSO8060) oscilloscope. The embedded Fast Fourier Transform (FFT) software was used for data analysis. The measurement setup is shown in Figure 10 . The accelerometer is connected to the power supply using anACC-CB3 cable. An ACC-CB4 cable is used to connect the power supply and the oscilloscope.
Taking into account previous work in which the maximum frequency observed was 28 Hz [32] , the data are samples at 100 Hz and MATLAB's Fast Fourier Transform (FFT) software was then used to obtain frequency analysis. The data acquisition scheme is that shown in Figure 11 . In Figure 12 , an acceleration peak of 1.5 g is observed of the neighboring of 37 Hz. This result is close to that obtained in [31] which was 1.4 g. Two series of measurements are also shown in the case in Figure 13 . A small difference is observed between acceleration intensity measurements depending on train operating speed, which varied from one set of measurements to another. In this work, an average frequency of 26 Hz is taken for an average peak acceleration of 0.55 g. This main frequency stays pretty close to the 28 Hz obtained in [32] .
Using the spectral properties of the measured vibration and Equations (17)- (19), a representation of the power dissipated in a resistive load for both types of vehicles is shown in Figure 14 . A maximum power of 12.49 mW is reached for the case of the automobile while 6 mW can be recovered in the case of the train. This is because measurement in the automobile is made directly on the engine.
WSN Performances Powered by Piezoelectric Recovered Energy
In this section, Matlab simulations are used to evaluate the performance of the WSN. By using the maximum recoverable power, performance regarding transmitted packets size and the number of nodes for both vehicles are assessed. Given the small amount of available energy, the case of situations where measures may be made every 17 minutes were considered. Since sink node E E > , the operating condition of the network is defined by: Figure 15 shows the node's performance and that of the sink for both types of vehicles. The curves demonstrate that the energy allows considering the transmission of data with a maximum size of 105.5 kbits for each node. However recovered energy is not sufficient for energy needs of the sink, making it impossible to consider the operation of the entire network.
In the field of design of cantilever beams, it has been shown that non-linear techniques can increase the electromechanical coupling and therefore at the same time the recovered energy [33] . The best known nonlinear method is the Synchronized Switch Harvesting on Inductor (SSHI) [34] . The behavior of the cantilever beam be- ing capacitive, the method consists of the addition in parallel of an inductance so as to form an oscillating system for amplifying the output power ( Figure 16 ).
As shown in Figure 16 , SSHI technique involves the addition of a switching device in parallel with the piezoelectric element. Switching is done at the time for which, the displacement of the vibrating structure is maximum. At these times, the voltage of the piezoelectric generator is also at its peak. Once the switch is closed, the system consisting of the cantilever beam and the inductor forms a pseudo-periodic oscillating system. The difficulty in the application of this technique lies in the design of the switching circuit [35] . This issue is not addressed in this work. In [35] , experimental measurements performed on a cantilever beam show that the SSHI technique allows a 160% increase of the harvested power compared to a standard energy harvesting circuit. Figure 17 indicates that it takes an amplification of 1.9 times the recovered energy to consider the operation of the network with data size up to 3.5 kbits.
The relationship, between the number of nodes that can be deployed and the required gain is shown in Table 3 . The number of sensor nodes in the network is varied and measuring the gain necessary for the transmission of data with packet size of 2 kbits is made. The results show that a 52.2% improvement of the gain allows considering an extension of the network from 1 to 30 sensor nodes.
Conclusions
In this work, the performance of an autonomous WSN based on vibrational recovered energy has been studied, both numerically and experimentally. A comprehensive energy model of a sensor node, in the star topology network, is proposed and used to assess the energy budget of the node. The proposed energy consumption model is used to assess the power consumption of the sensor node. Using the parameters of existing components, it has been shown that the nodes can be deployed in an area of 200 m 2 (each node being located 8 m from the sink). It is also observed that the network can be located up to 400 m from the base station. Measurements of vibrations in two types of vehicles (automobile and train) are used to assess the maximum recoverable power. This maximum recoverable power is evaluated by using an optimized cantilever beam for low frequencies applications. Based on the measured vibrations, it is shown that powers of 12.5 mW and 6 mW can be recovered in the automobile and train respectively. This available power allows considering nodes that can measure and transmit data with a maximum size of 105 kbits, when the measurements can are taken every 17 min. However, the energy available does not allow the operation of the sink. Considering an amplification of 1.9 times the power recovered using nonlinear techniques, it is observed that the WSN can operate with a maximum capacity of 3.5 kbits when 5 nodes are deployed around the sink. The method proposed in this work can be used to enslave a network to any ambient recoverable energy. Although the method proposed in this work allows considering a sensor node enslaved to ambient vibrations, it would be boring to design a backup power supply for powering the node in the event of a malfunction of the vibration source (motor stop for example). The use of a hybrid micro generator (several sources of primary energy) would make robust the recovery system.
